The salt of neodymium has been widely used in industrial polymerization of 1,3-butadiene. We used the ternary catalytic system neodymium versatate/diethylaluminum chloride/triisobutylaluminum (NdV 3 /DEAC/TIBA) with 0.5 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol : mol, and TIBA = 25, 50, 100, and 200 mM. The number-average molecular weight (Mn), weight-average molecular weight (Mw), and polydispersity index (PDI) were analyzed by GPC; the rheological properties were analyzed by DMA. The formulations were prepared with carbon black (IRB6) as reinforcing filler and the mechanical properties were compared to behavior of the different elastomeric compounds. The elastomeric compounds were characterized by their rheological properties, tensile strength, abrasion resistance, tear strength, permanent set, resilience, and fatigue properties. The high cis-1,4 polybutadiene (high cis-1,4-BR) was obtained with a percentage of cis-1,4 ≥97%. The weight-average molecular weight (Mw) was from 150 × 10 3 to 900 × 10 3 g/mol and polydispersity index (PDI) was from 3.1 to 5.1. This work is based on evaluation of the effect of the catalyst system on the final properties of the synthesized polybutadiene.
Introduction
The neodymium catalyst causes high catalytic activity during the polymerization of dienes; however good control has not been achieved with regard to molecular weight and molecular weight distribution, which is attributed to the multiple active sites present in this catalyst. The advantages of using ternary catalytic systems are to provide a homogeneous catalyst soluble in nonpolar solvents, to give polybutadiene having low gel content, and to decrease viscosity to provide a quantitative measure of the catalyst [1, 2] . The catalysts based on neodymium have many advantages over other catalysts used for the polymerization of cis-polybutadiene. They are more active in aliphatic solvents than in aromatic solvents. They are free of cationic activity and essentially give linear polymers with high contents of cis-1,4-BR [3, 4] . The cis-polybutadiene obtained with these catalysts exhibits excellent elastomeric properties and is particularly suitable for use in tires [5, 6] . The alkyl aluminum is capable of activating the catalyst for producing high cis-1,4-BR with different molecular weight distributions depending on the polymerization parameters and methods used to prepare the catalyst [7, 8] . High cis-1,4-BR is an elastomer essential for tire manufacturing because of the advantages obtained by adding this substance to styrene-butadiene rubber (SBR) and polyisoprene, such as outstanding low wear resistance, rolling resistance, high elasticity even at low temperatures, high flexibility to cracking, fatigue resistance, and improved adhesion to metals. This behavior is important for use in many parts of radial and bias tires [9] [10] [11] . The global consumption and production of high cis-1,4-BR in 2010 were approximately 2.8 million metric tons per year and an increase of 4.0% is estimated per year from 2010 to 2015. A lot of this annual production is used in the tire industry [6, 12, 13] . The tire of an automobile contains about twelve components, whereas a truck tire has approximately twenty components. The rubbers used in the tire industry market are natural rubber (NR), styrene-butadiene rubber (SBR), polybutadiene rubber (BR), and ethylene propylene diene monomer (EPDM) rubber [11, 14] . The high stereoregularity provides excellent dynamic mechanical properties, especially higher tensile strength, lower heat buildup, and better abrasion resistance [15] [16] [17] .
Experimental

Materials.
The following materials are used: neodymium versatate (NdV 3 ) from Rhône-Poulenc (Rhodia) 1.5% (w/w) in cyclohexane, Al Et 2 Cl (DEAC) (1.0 M in hexane, Aldrich Chemicals) and Al (i-Bu) 3 (TIBA) (1.0 M in hexane, Aldrich Chemicals), 1,3-butadiene and cyclohexane both from Dynasol Elastomers that were previously purified through columns packed with alumina and molecular sieve system installed in reactors to inhibit and eliminate moisture, respectively, isopropyl alcohol (terminate reaction), and Irganox 1076/TNPP (antioxidants). 3 . The neodymium salt (1.5% w/w) is dissolved in cyclohexane with magnetic stirring at room temperature under inert atmosphere. The catalyst NdV 3 is activated by adding cocatalysts in the following order: diethylaluminum chloride (DEAC) and triisobutylaluminum (TIBA).
Catalyst Preparation: NdV
Synthesis of High cis-1,4-BR.
The polymerization reactions did not happen when the relationship from 0.5 mM NdV 3 /100 g Bd (NdV 3 : DEAC) was equal to or less than 1 : 5 mol : mol. This was attributed to the presence of poisons in the reaction system. Cyclohexane (308 g), 1,3-butadiene (31 g), and the activated Nd catalyst (0.5 mM NdV 3 /100 g Bd) (NdV 3 : DEAC = 1 : 9 mol : mol and TIBA = 25, 50, 100, and 200 mM) were added to a 900 mL pressure glass reactor under a nitrogen atmosphere and reacted at 35 to 70 ∘ C for 40 min. The resulting polybutadiene was stabilized with Irganox 1076/TNPP and terminated by isopropyl alcohol.
Polymer Characterization.
The monomer conversion was determined by gravimetric method. The number-average molecular weight (Mn), the weight-average molecular weight (Mw), and polydispersity index (PDI) were determined by liquid chromatography equipped with a light scattering (LS) detector. The increased rate of refraction (dn/dc) was obtained experimentally in a refractometer, the operating temperature was 40 ∘ C, and K5 quartz cell was used; in all cases the measurements were made at 480 nm in THF. The polybutadiene used as a standard for determining microstructure by infrared spectroscopy was characterized by 1 H NMR. 1 H NMR were carried out in a Bruker DRX 500 spectrometer. Spectra were obtained by using 5 mm tubes, CDCl 3 (solvent and lock signal), and TMS (reference), at room temperature (25 ∘ C). The samples were diluted in CDCl 3 (0.5% v/v), obtaining solutions of 30% v/v final concentration. The acquisition conditions were pulse duration, 9. 
Results and Discussion
Effect of Reaction Temperature and Concentration TIBA on the Monomer Conversion, Polymer Molecular
Weight, and Microstructure. The criterion that the molecular weight increases linearly with conversion has been frequently used to mean a living polymerization is controlled [4] . The influence of the initial reaction temperature and the addition of alkyl aluminum play an important role in monomer conversion and polymer molecular weight. As the level of TIBA goes from 25 mM to 200 mM, conversion increases, not the molecular weight of the high cis-1,4-BR. The activity of the catalyst system is enhanced when the level of TIBA increases, resembling the behavior developed when the catalyst is increased, and acts as transfer agent chain having greater conversion net effect by generating more active sites and a decrease in molecular weight to frequently generate new species. To this end, results of the evolution of molecular weight with conversion are discussed, for determining whether the polymerizations of 1,3-butadiene with the neodymium catalyst can be considered as living (see Table 1 ). The percentage of conversion of high cis-1,4-BR with ternary catalyst system is shown in Figure 1 (0.5 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol : mol, and TIBA = 25, 50, 100, and 200 mM). Based on the results obtained with respect to polymer conversion, it can be shown that the combination of reaction temperature and catalyst system which provide greater monomer conversion (≅96%) during a 5-minute reaction (minus residence time) is what was obtained at 70 ∘ C with
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The effect of TIBA concentration on an average molecular weight of high cis-1,4-BR, carried out at 70 ∘ C with 0.5 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol : mol, and TIBA = 25, 50, 100, and 200 mmoles, is shown in Figure 2 . The polymerization times for all reactions were 40 min. NdV 3 , when activated with TIBA, was catalytically effective for polymerizing 1,3-butadiene, being capable of producing a highly linear, high molecular weight and a monomodal distribution of polymer molecular weight, indicating that a uniform behavior center was active. Table 1 shows the result of evolution of weight-average molecular weight (Mw) and polydispersity index (DPI) with conversion at different initial reaction temperatures, using 0.5 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol : mol, and TIBA = 25, 50, 100, and 200 mM. An interesting effect is that, at 35 ∘ C, while the level of TIBA goes from 25 mM to 200 mM, the conversion increases, although the molecular weight of the product decreases in absolute terms with respect to the molecular weights observed when smaller amounts of TIBA were used. The same behavior occurs when the temperature is increased from 45 ∘ C to 70 ∘ C. This effect is probably related to the fact that the TIBA catalyst activity increases and acts like a chain transfer agent, with the net effect being greater conversion by generating more active centers and decreasing molecular weight, often generating new species.
The spectrum of 1 H NMR of high cis-1,4-BR, synthesized with 0.3 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol : mol, and TIBA = 200 mM, is shown in Figure 3 . This spectrum was used as a standard for determining the microstructure by IR (FTIR). In spectrum 1 H NMR of high cis-1,4-BR, characteristic signals of polybutadiene according to Mochel method were identified [18] . For structure 1,4 cis and trans, in the spectra, a signal at 5.4 ppm (=CH-) for terminal olefinic protons at 4.9-5.02 ppm (1,2) and for nonterminal olefinic protons (=CH-) at 5.04 ppm can be identified.
An infrared spectrum of high cis-1,4-BR synthesized with 0.5 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol: mol, and Figure 4 .
Height signals cis (C=C) at 970 cm −1 , vinyl (=CH 2 ) at 910 cm −1 , and trans (C=C) at 740 cm −1 were measured and were compared against the same signals of the reference sample. The results of infrared were obtained by comparing the test sample with sample of known composition by proton nuclear magnetic resonance. Table 2 shows the result of microstructure at different initial reaction temperatures, using 0.5 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol : mol, and TIBA = 25, 50, 100, and 200 mM. Polybutadienes with levels of cis-1,4-BR higher than 88% until 98% were obtained. These results demonstrate that neodymium versatate in combination with diethylaluminum chloride and TIBA forms a catalyst system capable of producing high levels of polybutadienes having 1,4-cis units.
Effect of Concentration of TIBA on Mooney Viscosity
and Polymer Molecular Weight. The molecular weight, shown in Table 1 , was obtained by a light scattering technique which is very effective but difficult to apply, besides being very expensive. With the aim of finding a methodology that could correlate the molecular weights of the products with Mooney viscosity, this parameter is determined using a conventional Mooney viscometer. The Mooney viscosity is a parameter, which indirectly measures the molecular weight of the polymer and is related to the process ability of the product. The Mooney viscosity of polybutadiene synthesized from 35 ∘ C to 70 ∘ C using ratios of 0.5 mM NdV 3 /100 g Bd, NdV 3 : DEAC = 1 : 9 mol : mol, and TIBA = 25, 50, 100, and 200 mM is shown in Figure 5 . The increase in TIBA from 25 to 200 mM results in a reduction in Mooney viscosity from 100 MU to 16 MU. This behavior is independent of the initial reaction temperature and is similar to that reported in Section 3.1 which discusses the evolution of molecular weights and conversion with temperature. The Mooney viscosity shows good correlation with the molecular weight when the high cis-1,4-BR has the same macrostructure regarding the linearity of the macromolecule. As branches, the hydrodynamic volume of the chains decreases, causing a decrease in the Mooney viscosity but not in molecular weight, so it is considered feasible to establish a relationship between the molecular weight and Mooney viscosity to be formed [19, 20] . The Mooney viscosity behavior versus Mw is shown in Figure 6 , where it is evident that with increasing TIBA from 100 mM to 200 mM it is possible to obtain products with Mooney viscosity of 25 MU and Mw × 10 3 = 350 ± 150 g/mol. Certainly, to achieve the desired rheological value, it is necessary to use various concentrations of alkyl aluminum, so, by reducing the amount of TIBA from 25 mM to 50 mM, it is possible to obtain molecular weights of Mw × 10 3 = 700 ± 200 g/mol and Mooney viscosity ≥ 60 MU.
Application of High cis-1,4-BR Compounds in Tire.
In the manufacture of a radial tire, many components are involved such as different types of rubber, pigments, chemicals, fabric cord, and bead wire. The rubber or related polymers undergo International Journal of Polymer Science a chemical process (vulcanizing) by the addition of sulfur and other compounds. The process begins with the mixing of "polymer" (of SBR or blend of SBR/PBD high cis-1,4-BR) with carbon black (IRB6), process oils (zinc oxide and stearic acid), cross-linking agents (sulfur) and primary accelerator to assist in the curing reaction (TBBS), pigments, and antioxidants. Table 3 shows the elements used to manufacture mixes, where different materials and the Mooney viscosities described were used. All these ingredients were combined in a Banbury type mixer under intense heat and pressure. Table 4 shows the formulations of five blends of tires. One synthesized with n-BuLi SSBR (15% styrene, 60% vinyl) was used. Polybutadienes (high cis-1,4-BR) which used NdBR1 (98.3% cis-1,4-BR, 30 MU), NdBR2 (98.0% cis-1,4-BR, 21.1 MU), and NdBR3 (97.6% cis-1,4-BR, 61.1 MU) have a high content of 1,4-cis units and differentiate themselves from Mooney. Difficulty and slow addition of carbon black were observed during the preparation of the blends in the mixing chamber. This has already been reported [18] and can be attributed to the high molecular weight polybutadiene and low degree of branching. However, due to the increased mixing time, an improvement in the distribution of carbon black in the blend is expected.
In Table 5 , the results indicate that the mechanical properties of the SBR containing compound are slightly modified by adding the high cis-1,4-BR. When higher Mooney viscosity of cis-1,4-BR (Blend 5) is added, both the tensile strength and the elongation at break are maintained. In other cases, except for Blend 3, containing a greater amount of high cis-1,4-BR, the tensile strength slightly decreases, while the elongation at break increases. Both results are to be expected, since the polybutadiene is more flexible but less rigid than the SBR. Furthermore, it can be observed that the rigidity of the blends decreases with Mooney viscosity, that is, with the molecular weight of high cis-1,4-BR. Blend 3 shows an interesting result in that the tensile strength tends to increase at higher rates than the other blends as elongation occurs. This could be attributed to the stress induced crystallization, as polybutadiene molecules, which are virtually free of defects, elongate and tend to be targeted better, which gives the blend better mechanical properties.
On the other hand, the abrasion resistance and the Tan delta at 0 ∘ C and 60 ∘ C (see Table 5 ), shown to evaluate the tire performance, have produced interesting results. Both factors are significantly decreased by combining the SBR with high cis-1,4-BR, due in part to the high stereochemical purity of polybutadiene (its is much less than that of SBR) and high linearity of its chains, which reflects its better elasticity. Additionally, the Tan delta notoriously decreases at both temperatures as the polybutadiene level increases. No significant effect between the types of polybutadiene used was observed, so, in principle, any high cis-1,4-BR with Mooney viscosity in the range of 20 to 60 MU may advantageously be used to lower the Tan delta. As is known, small values of Tan delta at 0 ∘ C and 60 ∘ C result in a better wet grip and lower rolling resistance, respectively. This property indicates that the high cis-1,4-BR may be suitably used in manufacturing stronger, thinner, lighter weight tire walls, with lower rolling resistance. Another important factor to consider is resilience. In the data shown in Table 4 , suitability has increased resilience in blends containing polybutadiene. Furthermore, the resilience appears to increase with the level of polybutadiene and gives the impression that it diminishes slightly with Mooney viscosity. Increased resilience or rebound can be related to a reduction in the tire temperature, which makes the use of high cis-polybutadiene in formulations for flat tires particularly attractive. Factors such as rolling resistance, resilience, and grip in the wet have a significant importance in the manufacture of so-called green tires. These tires besides having an optimum balance of wet grip and wear have a lower rolling resistance, allowing for significant savings in fuel consumption.
Conclusions
The influence of the initial reaction temperature and the addition of alkyl aluminum play an important role in monomer conversion and polymer molecular weight. It is possible to achieve complete conversion of the monomer and low gel content when NdV 3 is used as a catalyst. As the level of TIBA increases from 25 to 200 mM, the conversion increases and acts as a chain transfer agent decreasing the molecular weight, often generating new species. The increase in TIBA from 25 to 200 mM results in a reduction in Mooney viscosity from 100 to 16 MU. To achieve the desired rheological value, it is necessary to increase the amount of TIBA from 25 to 50 mM to obtain molecular weights of Mw × 
